A multiscale modeling framework is used to couple the co-existing scales, i.e., macro-, micro-and nano-scale, in chemical vapor deposition (CVD) processes. The framework consists of a reactor scale model (RSM) for the description of the transport phenomena in the bulk phase (macro-scale) of a CVD reactor and two models for the micro-and nano-scale: (a) A feature scale model (FSM) describing the deposition of a film inside features on a predefined micro-topography on the wafer and (b) a nano-morphology model (NMM) describing the surface morphology evolution during thin film deposition on an initially flat surface. The FSM is deterministic and consists of three sub-models: A ballistic model for the species' transport inside features, a surface chemistry model, and a profile evolution algorithm based on the level set method. The NMM is stochastic and is based on the kinetic Monte Carlo method. The coupling of RSM with FSM is performed through a correction of the species consumption on the wafer. The linking of RSM with NMM is performed through "feeding" of the deposition rate calculated by RSM to the NMM. The case study is CVD of Silicon (Si) from Silane. The effect of the reactor's operating parameters on the Si film conformality inside trenches is investigated by the coupling of RSM with FSM. The formation of dimmers on an initially flat Si (001) surface as well as the periodic change of the surface nano-morphology is predicted.
INTRODUCTION
The produced films via chemical vapor deposition (CVD) are utilized to a wide range of applications; from semiconductor and micro-sensor devices to micro-and nanoelectromechanical systems. Nowadays, the size of these devices shrinks to lower scales and the specifications of the films (thickness, conformality, surface morphology) refer to properties in micro-or nano-scale. Thus, the single scale conventional CVD modeling methods are not adequate. More advanced, multiscale modeling, methods are needed for studying the phenomena in the co-existing (multiple length) scales, 1 in e.g., the filling of a micro-trench or the nano-morphology developing on a film's surface during deposition.
Generally, the co-existing length scales in a CVD process are the macro-or reactor scale, micro-or feature scale, and nano-or surface morphology scale. The * Author to whom correspondence should be addressed. description of each scale requires a model: The reactor scale model (RSM) is used for the description of the transport phenomena in the bulk phase of the CVD reactor, the feature scale model (FSM) is used to describe the film deposition inside the features (e.g., trenches) and the nanomorphology model (NMM) is used to trail the surface morphology of the deposited film. The effect of the operational parameters of a CVD reactor on the film profile evolution inside a trench on the wafer or on the film surface nano-morphology evolution can be predicted by linking or coupling of RSM with FSM or NMM. The linking of models refers to their sequential use, while the coupling incorporates a two-way interaction of the models.
Several approaches to couple 2-3 or link 4-5 RSM with FSM have been reported in the literature. The differences in these approaches refer to the type of FSM used (deterministic or stochastic), to the application or not of a two-way interaction, and the system studied. Concerning multiscale modeling where the RSM is linked or coupled with NMM interesting results on the interaction of the two scales can be found in Ref. [6] and in particular for Silicon (Si) in Ref. [7] .
In the present work, a multiscale modeling framework including all models (scales) is presented. The aim is to link the operating parameters of the CVD reactor with (a) film conformality inside trenches on the wafer and (b) surface nano-morphology of film deposited on an initially flat surface (see Fig. 1 ). In particular, the effect of operating pressure, mole fraction of the precursor at the inlet, and mixture's inlet flow on the film conformality inside long rectangular trenches is investigated by coupling of RSM with FSM. Furthermore, the nano-morphology of the deposited film is reported at various positions on the wafer The 'interface' between RSM and FSM. , T , and i for all species are calculated by RSM and fed to the micro-scale. The surface rate correction coefficient, k , is calculated by FSM and is returned back to macro-scale.Ā is the surface of macro-scale through which computational information is transferred to the surface of the features, A. (c) The 'interface' between RSM and NMM. The deposition rate calculated by the RSM is fed to the NMM.
by linking the computations of RSM with NMM. The case study for both implementations is CVD of Si from Silane (SiH 4 .
MULTISCALE COMPUTATIONAL FRAMEWORK

Reactor Scale Model (RSM)
The RSM describes the transport phenomena in the macroscale of the CVD reactor. The governing equations are the continuity, the momentum, the energy and the species transport equations 3 8 which are solved numerically at steady state to predict the velocity, pressure, temperature and species distributions inside the bulk phase of the CVD reactor (see Fig. 1(a) ). The CFD code Ansys 12/Fluent 9 is used for the numerical solution of the aforementioned set of equations.
Feature Scale Model (FSM)
The FSM results from coupling a continuum ballistic model for the calculation of the local fluxes inside features, a surface model and a profile evolution algorithm. The ballistic model 10 11 is used for the calculation of species' local fluxes inside the features (trenches or holes) at high Knudsen number conditions. It links the fluxes of the species at the wafer with the local fluxes inside the features. The surface model describes the surface processes and quantifies the effect of species' fluxes on the local deposition. The profile evolution algorithm of the growing film inside the features (moving boundary) uses the level set method. Details for the implementation of the level set method to profile evolution problems in etching/deposition can be found in Refs. [3, 12] .
Nano-Morphology Model (NMM)
The NMM is based on the kinetic Monte Carlo method. The various portions of the wafer, at which the NMM is applied, are described as simple cubic lattices. The developed code supports the realization of three events: adsorption, desorption and diffusion of the adatoms on the surface. 13 Periodic boundary conditions are applied in the x-y plane to avoid edge effects.
The probability of every event is related to its rate. The adsorption rate is calculated as a collisional flux. Desorption and surface diffusion rates are modeled by an Arrhenius expression of the general form
v 0 is the vibrational frequency of a surface adatom, E the energy barrier for desorption or diffusion and depends on the number of the adatom's neighbors, k B Boltzmann's constant and T w the wafer's temperature.
Coupling RSM with FSM
The coupling of the RSM with FSM is based on the correction of consumption rates of each species on a predefined micro-topography of features (e.g., trenches) on the wafer. The aim of the correction is to take into account the increased consumption of species inside the features, without the features being included in the computational domain of macro-scale. 3 A correction factor, k is applied to each surface reaction rate k, reflecting a change of the boundary condition of the species equation. The coupling methodology starts with the numerical solution of the equations of the RSM. Effective (i.e., implicitly taking into account the micro-topography on the wafer) reaction rates are calculated [r
The density , temperature T , and the mass fractions, i , for all species i are fed to FSM, which in turn computes the local reaction rates inside the features and consequently the average reaction rates r
k is then corrected through the fixed point iteration method
and returned to RSM. The superscripts (n+1 and (n correspond to two successive steps of the iterative procedure. The procedure is applied locally along the wafer radius, or in computational terms, on all the boundary cells of the RSM on the wafer. After convergence of the iterative scheme, film profile evolution inside the features is performed for a time step t. The same procedure is followed for all time instances. The change of the film profile inside trenches alters the available for deposition surface area and modifies the consumption of each species on the wafer.
Linking RSM with NMM
In this case the term linking, instead of coupling, is used since there is no bidirectional exchange of computational information between the scales. The coupling methodology starts with the numerical solution of the equations in the macro-scale in steady state. The deposition rate calculated in each boundary cell of the wafer by the RSM is fed to the NMM in terms of monolayers per second. The NMM then performs the computations for a time period t.
CASE STUDY: CVD OF Si FROM SiH 4
In this work, CVD of Si from SiH 4 is the case study and is described with three reactions; 14 a reversible, homogenous, reaction, SiH 4 g ↔ SiH 2 g +H 2 g , which takes place in the bulk phase of the reactor and two heterogeneous reactions on the surface of the wafer, namely SiH 4 g → Si s + 2H 2 g and SiH 2 g → Si s + 2H 2 g . The studied chemical system (and the pertinent reaction kinetics) is a simplified form of the system proposed by Kleijn 14 and reproduces with high accuracy the results concerning the deposition rate along the wafer and the Arrhenius plot, as they are shown in Ref. [14] .
RESULTS AND DISCUSSION
Macro-Scale
The reactor is a vertical, stagnation point, cold-wall CVD reactor with axial symmetry (Fig. 1(a) ). 14 The gas mixture at the inlet consists of 0.1 mole fraction of SiH 4 , f in SiH 4 in nitrogen (N 2 carrier gas. The total inflow rate of the gas mixture is Q in = 1000 sccm and is inserted at constant temperature of 300 K. The wafer diameter is 0.24 m and its temperature is T w = 1050 K. Two cases for the operating pressure of the reactor are considered, a low pressure case of P op = 133 Pa and a higher pressure case of P op = 1330 Pa. Computations in macro-scale are performed with the serial solver of Ansys 12/Fluent. 9 Representative results for the macro-scale computations are shown in Figure 2 , where the mole fraction distribution of SiH 4 inside the reactor for the two cases of P op is shown.
Multiscale Computations with RSM and FSM
The computations refer to the effect of the reactor operating parameters on the film conformality inside the trenches of a predefined topography on the wafer. The trenches on the wafer have initial width and depth of 1 and 3 m respectively. The surface feature density is 16 trenches per 32 m.
The conformality is essentially a measure of the film deposition uniformity and is estimated with two variables: The bottom conformality percentage FC b (%) and the sidewall conformality percentage FC s (%), according to the relation:
where x = b s. The variables d b d s and d z represent the film thickness at three characteristic positions of the trench and particularly at the middle of the bottom surface, at the middle of the side surface and at the free surface respectively. The film conformality depends on the values of S E SiH 4 and S E SiH 2 . S E i is the effective sticking coefficient of species i and expresses the probability for sticking, upon collision with the surface, of species i It comes from the surface reaction kinetics.
14 Low values of S E i result in the redistribution of flux inside the trench through the reemissions' mechanism. Lower values of S E i result into higher conformality. When S E i = 0, every elementary surface receives the same amount of flux which results in a uniform profile evolution of the film.
The effect of the increase of P op and the decrease of Q in and f in SiH 4 on film conformality are successively studied. FC b and FC s are calculated at the instant the trenches are filling at the conditions described in Table I .
In Figure 3 , the profile evolution of the film inside a trench at the cluster of trenches extending from 0.0600 m to 0.0624 m from the center of the wafer is shown. Figure 3 (a) corresponds to case (a) (see Table I ) of reactor operating parameters. The void that is formed upon Table I . The film conformality F C b FC s inside the trenches under different operating conditions.r SiH 4 andr SiH 2 are the average rate of the heterogeneous reaction of SiH 4 and SiH 2 respectively andS E SiH 4 andS E SiH 2 are the average effective sticking coefficients of SiH 4 and SiH 2 , respectively. The average quantities are reduced at the surfaceĀ (see Fig. 1(b) ). All quantities are calculated at the trench filling instant. trench filling is small which means that the conformality is high, i.e., FC b and FC s are high (see Table I ). To compare with case (a), a series of computations are performed to investigate the influence of the operating parameters of the reactor on the profile evolution of the film and the uniformity of deposition. In case (b), although increasing the pressure leads to lower values of S E SiH 4 FC b and FC s decrease. The latter, unexpected result, is due to the high value of S E SiH 2 . Since, the average deposition rates of both species are of the same order (see Table I Besides the effects of the operating conditions on the conformality, the effect of the topography on the deposition rate of the film on the wafer is demonstrated. The average deposition rate of the film versus the deposition time for case (a) is presented in Figure 4 . At the beginning of the computations (t = 0 sec), the trenches are empty and the deposition rate is lower than the deposition rate in the case without topography, due to the depletion of SiH 4 and SiH 2 coming from their increased consumption at the micro-topography (loading pahenomenon 3 ). As the time elapses, the trenches are filling, the available for Table I ].
deposition area decreases and the average deposition rate increases. After trenches' repletion the average deposition rate approaches the average rate for the case with flat wafer surface.
Multiscale Computations with RSM and NMM
The analysis concerns the nano-morphology of the film's surface during Si deposition on a Si(001) 2 × 1 surface. A characteristic of the Si(001) 2×1 surface is the presence of dimers; dimers' formation is considered implicitly in the NMM through the implementation of an anisotropy in the diffusion energy barriers. 15 The energy barrier for diffusion (see Eq. (1)) is given as E = E s + nE n + mE p , where E s is the wafer contribution, and E n and E p are the in-plane nearest neighbors contribution normal and parallel to the dimers formation, respectively, and n and m the number of the in-plane nearest neighbors normal and parallel to the dimers formation, respectively. The values of E s E n E p and V 0 are taken from Ref. [15] . The formation of these dimers for the Si(001) 2 × 1 surface has been reported previously and is well established by experimental 16 and theoretical works. 17 Si is deposited through the surface reactions reported in Section 3. The chosen operating conditions of the reactor P op = 1330 Pa, T w = 1050 K) favor the epitaxial deposition of Si. 18 Due to the high T w the hydrogen adsorption on the surface is omitted. 17 Even if the structure of the Si surface follows the diamond structure, 18 we follow the work of Ref. [15] for the Si deposition where the computations are performed in a simple cubic lattice.
By applying the linking methodology described in Section 2.5, the nano-morphology of the film's surface can be constructed. Figure 5 shows the surface morphology of the growing crystal for 1.5 s of deposition time. Figures 5(a) and (b) show the surface morphology at the middle and edge of the wafer. The center and the edge positions correspond to the maximum and minimum value of the deposition rate computed from the RSM. Due to the different values of the deposition rates at these two distinct positions on the wafer, the number of monolayers deposited after 1.5 s differs and leads to surfaces with different dimer orientation.
In Figure 6 the surface roughness of the deposited film, defined as the root mean square (RMS) deviation in the surface height, is shown versus time for the first 0.1 s of the deposition. Figure 6 shows that the model can predict the periodic change of the surface morphology 15 17 manifested by the oscillations in the RMS value of the surface height. 
CONCLUSIONS AND FUTURE WORK
In this work, a multiscale computational framework is presented to study the physical/chemical phenomena in the co-existing scales of CVD processes. The multiple scales extent from cm in the bulk phase of the CVD reactor to m inside the features and nm in the growing surface of the film. Two types of problems are handled in the context of CVD of Si from SiH 4 .
In the first case, the computations illuminate the effects of the reactor operating pressure, the inlet flow of the mixture and the mole fraction of the precursor on the deposition conformality of Si inside the trenches. The lower conformality is reported when the mole fraction of SiH 4 at the inlet is low.
In the second case, the evolving nano-morphology of the film is trailed. The computations reveal that the deposited film can have different dimer orientation along the wafer depending on the value of the deposition rate.
Concerning the future aspects of our work, a more detailed approach for NMM taking into account hydrogen adsorption is under consideration. 7 17 Moreover, coupling (instead of linking) of RSM with NMM will be used to explore the potential effect of the surface nanomorphology on the macro-scale. 6 
